Dry immersion is an effective and useful model for research in physiology and physiopathology. The focus of this study was to provide integrative insight into renal, endocrine, circulatory, autonomic and metabolic effects of dry immersion. We assessed if the principal changes were restored within 24 h of recovery, and determined which changes were mainly associated with immersion-induced orthostatic intolerance. Five-day dry immersion without countermeasures, and with ad libitum water intake, standardized diet and a permitted short daily rise was performed in a relatively large sample for this experiment type (14 healthy young men). Reduction of total body water derived mostly from extracellular compartment, and stabilized rapidly at the new operating point. Decrease in plasma volume was estimated at 20% -25%. Five-day immersion was sufficient to impair metabolism with a decrease in glucose tolerance and hypercholesterolemia, but was not associated with pronounced autonomic changes. Five-day immersion induced marked cardiovascular impairment. Immediately after immersion, over half of the subjects were unable to accomplish the 20-min 70˚ tilt; during tilt, heart rate and total peripheral resistance were increased, and stroke volume was decreased. However, 24 hours of normal physical activity appeared sufficient to reverse orthostatic tolerance and all signs of cardiovascular impairment, and to restitute plasma volume and extracellular fluid volume. Similarly, metabolic impairment was restored. In our study, the major factor responsible for orthostatic intolerance appeared to be hypovolemia. The absence of pronounced autonomic dysfunction might be explained by relatively short duration of dry immersion and daily short-time orthostatic stimulation.
Introduction
Water immersion has been demonstrated as an efficient and useful model for renal, neuro-hormonal and body fluid physiology [1] [2] [3] . Since antiquity, it is known that immersion induces diuresis, indeed the Latin word "urinator" means wisely "diver". However, the water immersion method is generally limited to several hours because of skin maceration. This method has been modified to separate the subject from water using elastic tissue (dry immersion, DI), which allows for longer immersion periods and increased comfort for the subjects [4] (Figure  1) . Using longer duration, it becomes possible to study the effects of a new body fluid steady state on major bodily functions.
DI allows for studying of acute expansion of central volume (first hours), maintained hypovolemic state (continuation of DI for days), and acute diminution of central volume (immediate recovery). DI rapidly induces hypovolemia and cardiovascular deconditioning, observed as orthostatic hypotension, increased heart rate and reduced exercise capacity. DI has also been recognized as a valuable model for physical inactivity [5] , due to acute limitation of voluntary muscular activity, reduction of gravitational stress on muscles, and deep atonia [4] .
The DI model was first developed by Russian physicians and scientists to mimic the space environment. This method, however, might be directly useful in some common disease. DI appeared effective in treatment of refractory edema of different etiologies (cardiovascular diseases, renal pathologies, liver cirrhosis, and burns). In patients with edema, the 1.5 -3 fold increase in diuresis observed after 4 -6 hours of DI persisted for 2 days [6, 7] . In patients with treatment-resistant hypertensive crisis, 1.5 hours of DI induced a rapid and prolonged blood pressure reduction and sedation [8] . Together this indicates the interest of DI model for physiology and physiopathology studies.
In DI studies, the volunteers' number rarely exceeds 6 -8 subjects. We had the unique opportunity to study the effects of DI in a relatively large population (n = 14) for this specific protocol. Our first aim was to provide a comprehensive analysis of body fluid, autonomic, cardiovascular and metabolic changes induced by a 5-day DI. We further examined whether the 24-hour recovery period was sufficient to restore the principal changes induced by DI. Finally, we determined the main changes associated with orthostatic intolerance induced by DI.
Methods

Subjects
The study included a group of 14 healthy non-smoking Russian men (age 22 ± 1 y, height 174 ± 1 cm, weight 67.9 ± 1.5 kg; mean ± SE). All volunteers provided written informed consent, in compliance with the Helsinki Declaration. The experimental protocol was approved by the Committee of Biomedicine Ethics of the Russian Academy of Sciences. The subjects were randomly divided into 2 groups (group R0, n = 7, and group R+1, n = 7), according to the day of orthostatic test in the recovery period.
General Protocol
The protocol used in this study is schematized in Figure  2 . DI was performed for 5 days (120 hours) at the Dry Immersion Facility of the Institute of Biomedical Problems (Moscow, Russia). For baseline and recovery measurements and sampling, ambulatory periods of 3 and 4 days preceded and followed DI, respectively (B-3 to B-1, and R0 to R+3). The subjects were immersed one after another. Thermoneutral water temperature (32˚ -33.5˚) was continuously maintained; air temperature was maintained at 24˚C -25˚C, and air humidity was 40% -50%.
The present study was one of 16 studies conducted during this DI protocol. Some experiments required extraction from bath; in this case, the subjects remained supine on a lifting platform. Total out-of-bath supine time for the 120 h of immersion was 4.11 ± 0.15 h (mean ± SE). In addition, once a day (in the evening) the subjects were allowed to leave the bath for personal hygiene procedures (defecation and shower in a sitting position) and weighing (in a standing position). Total out-of-bath sitting/standing time for the 120 hours of immersion was 1.43 ± 0.07 h (mean ± SE). Otherwise, the subjects remained in a supine position during DI for all activities and were continuously observed by video monitoring. Blood pressure and heart rate (using a sphygmomanometer) were measured daily at 8 a.m. The onset and end of the immersion were both at 10 a.m., so morning measurements on day 1 were performed before immersion, and on day R0-still under immersion. Before, during and after DI, water intake was ad libitum (measured), and diet was standardized. Daily caloric intake was ~2880 ± 60 kcal. Dietary sodium was set to 2.8 mmol/kg/ day, calcium-to ~1100 mg/day, and protein intake to 1.15 g/kg/day. abducted from the body and legs were separated. Four gum-based electrodes measuring 5 cm 2 were used: two current injection electrodes on the hand and foot on the dorsal surfaces proximal to the metacarpal-phalangeal and metatarsal-phalangeal joints, respectively, and two voltage detector electrodes on the mid-line between the prominent ends of the radius and ulna of the wrist and mid-line between the medial and lateral malleoli of the ankle.
Both before and after immersion, the subjects were weighed prior to measurements. During immersion, body weight data from the evening of the previous day were used for calculations.
Tilt Test
The head-up tilt test was performed in a quiet room with an ambient air temperature of 24˚C -25˚C, in the morning, before immersion (day B-2 or B-1) and immediately after completing the 5-day DI (first rising, group R0) or on the second day of recovery (group R+1). The subject was placed on a tilt-table in a supine position, and allowed to rest for at least 30 min; the data were then recorded from this resting supine position for 10 minutes. Afterwards, the subject was tilted 70˚ head-up. Subjects were instructed to stand with feet shoulder-width apart, keeping as still as possible to avoid muscle pump activity. Subjects remained in the 70˚ head-up tilt (HUT) position with continuous monitoring for 20 min, until presyncope, or until the subject's request to stop.
Standard ECG was recorded continuously, and beat-tobeat R-R intervals and heart rate (HR) were extracted from the signal. Blood pressure was measured continuously on the third finger using a non-invasive finger cuff device (Finapres, Ohmeda, Englewood, Colorado). The finger cuff was maintained at heart level in both supine and standing positions. Additionally, arm blood pressure was measured by Dinamap (Carescape V100, GE Healthcare, Finland) at baseline, and at 5th, 10th and 15th minutes of the HUT. Skin blood flow at the calf level was estimated using Laser-Doppler flowmetry as previously described [9] . Calf skin temperature was controlled by monitoring using a thermocouple connected to an electronic thermometer (BAT-12, Physitemp Instruments, Clifton, New Jersey).
The stable 5 min of data for each period (basal and end tilt) were averaged and used for analysis. In case of orthostatic intolerance, the 5 minutes prior to intolerance were chosen for analysis [10] . For the single subject who developed orthostatic intolerance at the third minute of tilt, the 2 min mark prior to intolerance was analyzed. Cardiac output (CO), stroke volume (SV), and total peripheral resistance (TPR) were estimated by an analysis of blood pressure waveform.
Analysis of orthostatic responses, power spectrum analysis of heart rate variability, and analysis of the spontaneous baroreflex sensitivity was performed as previously described [10] . Skin vascular resistance (SVR) was calculated by dividing mean blood pressure by skin blood flow. In the tilted position, heart-Laser-Doppler probe distance (hydrostatic component of blood pressure) was taken into account to correct blood pressure at the probe level and calculate SVR.
Sample Collection and Analyses
Blood Sampling and Estimation of Plasma
Volume Dynamics Blood sampling was performed with participants in the supine position in the morning before breakfast on baseline (B-1), day 2, day 3, day 5, and the second and fourth recovery days (R+1 and R+3).
Fasting glucose (using Accu Check Performa glucometer), hemoglobin (using HemoCue hemoglobin analyzer) and hematocrit (using microhematocrit method) were determined immediately after blood collection. Percentage changes in plasma volume were calculated indirectly using:  Hb and Hct count (Dill and Costill formula):
 Only Hct count (van Beaumont formula):
 Plasma protein count [11] :
where HctB, HbB and Prot B are hematocrit, hemoglobin and proteins concentrations at baseline, respectively, and Hcti, Hbi and Prot i are the corresponding values on day 2, day 3, day 5 and R+1.
Plasma and serum samples were analyzed for renin, aldosterone, brain natriuretic peptide (BNP), electrolytes (Na + , K + , Cl − , Ca 2+ ), osmolality, proteins, urea and creatinine concentrations, high-sensitivity CRP, insulin, leptin, triglycerides, total cholesterol, and HDL-cholesterol. LDL-cholesterol was calculated using the Friedewald formula. Homeostasis model assessment-insulin resistance index (HOMA-IR) was calculated as fasting insulin concentration (μU/ml) × fasting glucose concentration (mmol/L)/22.5.
Urine Sampling
Urine pools were collected over 24 hours for 3 days prior to immersion (B-3, B-2 and B-1), 5 days of immersion (day 1-day 5) and 3 recovery days (R0, R+1 and R+2). Urine volume was measured and the aliquots were stored at −80˚C. The partial water balance, defined as the difference between consumed water (including drinking water, tea, juice, soup) and urine volume, was calculated. Urine samples were analyzed for electrolytes (Na + , K + , Cl − ), osmolality, creatinine, urea and urinary free cortisol (UFC), urinary catecholamines (epinephrine, norepinephrine, metanephrine, normetanephrine, dopamine). Creatinine, free water and osmolal clearances were calculated for days B-2, day 1, day 2, day 4, R0 and R+2 using the 24-h urine samples from these days and the morning blood samples from the next days (i.e. B-1, day 2, day 3, day 5, R+1, R+3).
Biochemical Analyses
Active renin analysis was performed using a chemiluminescence immunoassay on the Liaison analyzer (DiaSorin). BNP was measured using a chemiluminescence immunoassay on the "Architect i2000" analyser (Abbott). Plasma aldosterone was determined by a competition radioimmunoassay using a commercially available RIA kit (Immunotech, Beckman Coulter). Urinary free cortisol was detected by liquid chromatography-tandem mass spectrometry (LC-MS/MS) with an Applied Biosystems/MDS Sciex Api 3000 triple quad mass spectrometer equipped with turbolon spray source. Plasma and urine osmolality were measured by freezing-point depression in comparison to pure water. Urinary catecholamines were determined by high-pressure liquid chromatography.
All the other variables from blood and urine samples were evaluated using the Architect c16000 automated clinical chemistry analyzer (Abbot).
Minimal detectable level for plasma aldosterone and BNP was 10 ng/L, for serum hs-CRP −0.1 mg/L, for urinary epinephrine −2 µg/L, and for urinary metanephrine −0.1 µg/L. Results that were less than the minimal detectable level were taken for half minimal value.
Data Analysis
All values are presented as mean ± SE. The effects of DI were tested with ANOVA for repeated measures. Statistically significant differences were further analyzed by post-hoc pairwise comparisons (Least Significant Difference). Differences were considered to be statistically significant at p < 0.05. Analyses were performed using SPSS 15.0 for Windows.
Results
General Data
Overall, the five-day DI was well tolerated by the study group; all the subjects, however, had a moderate backache at the beginning, which disappeared by the third to fourth day of immersion.
Body Fluids and Kidney Regulation
Body Fluids
Plasma volume changes determined by Hb and Hct count, and by Hct count alone, were similar. Plasma volume decreased by 17% -18% within the first 24 hours of immersion, and remained at reduced level until the end of immersion. Plasma protein count also revealed plasma volume reduction under immersion, but less pronounced, at approximately 7% -8%. On the second recovery day, plasma volume as determined by all 3 methods did not differ from baseline (Figure 3) . Water intake varied throughout the experiment without significance. Daily diuresis was increased by approximately 90% on day 1, and remained elevated throughout the immersion.
Partial water balance at day 1 was approximately 1 L less than at baseline, and remained negative throughout the immersion. On the first recovery day, we observed a compensatory decrease in diuresis and increase in water balance ( Table 1) . Free water clearance did not significantly change throughout the protocol. Osmolal clearance was decreased during immersion (significantly on day 4; p = 0.09 on day 1 and day 2) ( Table S1 ). The dynamics of fluid compartments are shown in Figure 4 . Extracellular fluid decreased with the onset of immersion (by 5.1% ± 1.3%), with the maximal decrease of 7.8% ± 1.4% on day 3. In absolute values, the extracellular volume lost on day 3 was approximately 1.4 ± 0.3 L. Total body water also decreased to approximately 1.6 L on day 3, and remained decreased on day 5. In recovery, and already within 7 hours after the end of DI, the extracellular fluid and total body water did not significantly differ from baseline levels. Intracellular fluid showed non-significant variations during DI and was decreased by approximately 3% at R+1. Urinary sodium loss increased at the beginning of DI (with a two-fold increase on day 1), followed by decrease in recovery (with a 3-fold decrease on R0). The dynamics of urinary Cl − excretion showed similar trends. Urinary potassium excretion was not significantly changed. The urinary Na + /K + ratio increased significantly only on day 1 and did not differ from the baseline during the rest of immersion. The end of immersion was accompanied by a decrease in the Na + /K + ratio ( Table 1) . Urinary osmolality was reduced during immersion, with a significant reduction on day 3, and tendency to reduction-with p = 0.07 to 0.09-on days 1, 2 and 4, with no significant difference compared to baseline in recovery ( Table 1) . Urinary urea and urinary creatinine did not change significantly ( Table 1) . Urea clearance increased on day 1 and decreased on R0. Creatinine clearance did not change throughout the DI (Table S1 ).
Blood and Urine Biochemistry
Cardiovascular System at Rest
Morning Heart Rate and Blood Pressure
Heart rate and blood pressure remained within normal limits. Heart rate was slightly reduced at the beginning of DI, and systolic blood pressure was slightly lower at the end of DI (Table S2 ).
Cardiovascular Hormones Regulating Volemia
Twenty-four hours after the onset of DI, plasma renin decreased two-fold and plasma BNP increased fourfold. Plasma aldosterone was not significantly changed. Twenty-four hours after the end of DI, we observed a two-fold increase in renin and 3-fold increase in aldosterone. On the fourth recovery day, renin and aldosterone were not modified, and BNP was significantly increased (Figure 5 ). significant increase in HR and SBP, and a tendency towards increase for DBP (p = 0.058), TPR (p = 0.06) and SVR (more than 2-fold increase, p = 0.063). SV was decreased, and CO remained unchanged. Measurements taken in the upright position showed increased HR and DBP and decreased SV after immersion, whereas SBP, TPR, SVR and CO remained unchanged. On R+1, all measured hemodynamic variables did not show significant difference from pre-immersion levels, in both supine and upright positions.
SVR in the upright position was significantly higher than in the supine position for all measurements except those taken on R0.
Autonomic Nervous System
Catecholamines and Their Metabolites
Urinary epinephrine and normetanephrine were not significantly changed throughout the experiment. Urinary metanephrine decreased during recovery. Urinary norepinephrine showed a tendency towards increase during the first half of immersion (day 1, p = 0.076; day 2, p = 0.072; day 3, p < 0.05). Urinary dopamine also tended to increase during the first half of immersion (day 1, p = 0.08; day 2, p = 0.09), with tendency to decrease on R0 (p = 0.07) ( Table 1) .
Cardiac Autonomic Neural Control
There was no significant difference in heart rate variability spectrum (LF, LF/HF) before and after DI (both R0 and R+1) ( Table 3) . Spontaneous baroreflex slope in upright position tended towards decrease on R0, but not on R+1 (Table 3 ).
Metabolism
Weight Changes
Body weight during immersion decreased by approximately 700 -800 g. This decrease was significant on day 2 and day 3, with day 4 and day 5 showing a tendency towards decrease (p = 0.06). During recovery, there was no significant variation in body weight.
Blood Variables Relevant to Metabolism
All studied blood variables relevant to metabolism were within normal limits. Insulin, estimated insulin resistance (HOMA-IR), leptin and both LDL-and HDL-cholesterol fractions increased during DI. On the second recovery day, these variables did not differ from baseline. Fasting glucose and triglyceride levels were not significantly altered during DI ( Table 2 ).
UFC and hs-CRP
Urinary free cortisol was slightly increased during immersion (significantly on day 2 and day 4), and unmodified in recovery ( Table 1) . hs-CRP was unmodified ( Table 2 ).
Discussion
Our results showed that during a 5-day DI, the decrease in total body water (3% -4%) comes mostly from extracellular compartment (decrease 6% -8%), and shows rapid stabilization at the new level. Five days of DI are sufficient to impair metabolism with decrease in glucose tolerance and hypercholesterolemia, but are not associated with pronounced autonomic changes. The 5-day DI induces marked cardiovascular impairment with altered orthostatic tolerance at first rising, which is quickly reversed (within 24 hours upon resuming normal activities).
Regulation of Body Fluids: Excretion and Redistribution
Extracellular osmolality, approximated by blood osmolality, remained stable under DI, suggesting no important changes regarding the intracellular volume. The main changes detected in response to the DI involved extracellular fluid, namely intravascular and interstitial volume.
Intravascular Volume: Water Loss by
Neuroendocrine Regulation Fundamental studies of body fluid regulation during short-term water immersion were performed by GauerHenry and Epstein [2] . Water-electrolyte changes in immersion are triggered by congestion of the central vascular regions: hydrostatic compression lowers the peripheral vascular capacity and shifts Starling balance towards increased absorption of interstitial fluid (hemodilution), leading to central hypervolemia. Twenty-four hours after the onset of DI, hormonal regulation was still in process (confirmed by a 2-fold renin decrease and 4-fold BNP increase), but after 48 hours of immersion, the major redistributions were over and hormonal concentrations remained at pre-immersion levels until the end of DI. The increase in BNP on the fourth recovery day may be not directly related to body fluid regulation, but rather reflect increased heart load after a period of enhanced physical inactivity during DI. Previously, we observed a similar increase in NT-proBNP, a proxy measure of BNP, on the fourth recovery day after 7-day DI [12] . The absence of BNP increase in first 24 hours of recovery may reflect the necessity to retain water and compensate for hypovolemia, which is prioritized over the need to "unload" the deconditioned heart.
Interstitial Volume: Water Redistribution by
Protein Transfer Plasma volume reduction calculated using plasma proteins consisted of as little as 1/3 of that calculated using Hct or Hb and Hct. This difference might be explained by the partial transfer of albumins (which make up approximately 60% of total protein pool) to interstitial fluid. During immersion, with compression of superficial tissues and continuous transcapillary "autotransfusion" [13] , enhanced loss of interstitial fluid occurs. To limit tissue dehydration, plasma albumins might shift to interstitial fluid and increase its oncotic pressure. The partial transfer of proteins from plasma to interstitial fluid prevents the further decrease in interstitial fluid volume, which ensures the limitation of liquid loss and its adequate redistribution between intra-and extravascular departments [14] . Plasma proteins can be deposited in extravascular fluid compartments, and, if necessary, quickly return to restore the plasma protein loss. This was demonstrated by experiments with dry immersion and head-down bed rest, in which the plasma protein pool was restored during recovery at a rate exceeding the possibility of its synthesis de novo [15].
Hemodynamics
Five days of DI induced marked impairment of the cardiovascular system with tachycardia and stroke volume diminution both during resting and orthostatic challenge. The increase in HR, TPR and skin vasoconstriction, observed during first rising, might help to maintain blood pressure in conditions of decreased blood volume. The over two-fold increase in supine SVR together with the lack of further increase in SVR when upright immediately after DI might reflect the tension of systems maintaining cerebral blood perfusion.
Autonomic Nervous System
Dry immersion conditions might, on one hand, increase sympathetic activity due to hypovolemia and stress, and on the other hand, decrease it due to physical inactivity. Most DI studies suggest that DI conditions increase sympathetic activation [4] . However, we did not observe pronounced autonomic changes. Heart rate variability remained unmodified, though baroreflex sensitivity was somewhat weakened. The concentrations of urinary cathecolamines and theirs metabolites were not seriously altered.
Metabolism
The metabolic effects of DI are mainly related to the enforced physical inactivity. DI rapidly impaired glucose metabolism and lipid profile, inducing a decrease in insulin sensitivity and dyslipidemia. The same changes were observed in bed rest experiments [16] [17] [18] . It is important to note that physical inactivity for even a short-time is sufficient to impair metabolism ( [18] , this study). The increase in UFC during DI may be related to increased diuresis, as UFC and cortisone excretion depends on urine volume [19] . It also might reflect stress induced by new environment and the efforts of the organism to preserve homeostasis. Unmodified hs-CRP suggests the absence of a pronounced inflammatory state in DI.
Hypovolemia as Major Reason for DI-Induced Cardiovascular Deconditioning
A number of mechanisms may contribute to cardiovascular deconditioning induced by DI: circulatory blood volume loss [20, 21] , impaired baroreflex sensitivity [22, 23] , autonomic dysfunction [22, 24] , increased venous compliance [21] enforced by decreased muscle tone [25] , macrovascular [26] and microvascular [27] impairment promoted by physical inactivity and prolonged decrease of shear stress forces [28] , myocardial impairment, hormonal changes, vestibular changes, or metabolic changes. Hypovolemia appears to be the major contributor for the observed rapid cardiovascular impairment in DI. The importance of hypovolemia is shown by inverse relationships between microgravity-induced plasma volume reduction and orthostatic tolerance [29] . Coyle et al. [30] showed that the decline in SV and O 2 max and the V  increase in HR and TPR during upright exercise following a few weeks of inactivity (only sedentary daily routines and no training) in men who had been training intensely for several years, was largely due to a decline in blood volume. When blood volume was expanded by dextran solution, the reduction of cardiovascular function after a few weeks of detraining was minimal. It is interesting to compare our study, in which plasma volume was normalized spontaneously, with studies in which plasma volume was restored after a prescription. Plasma volume normalization with salt tablets and water after a 12-day head down bed rest (HDBR) prevented orthostatic hypotension and changes in supine hemodynamics and endocrine variables, but was not effective to prevent tachycardia and epinephrine hyperresponsiveness to upright tilt [31] . Plasma volume restoration with fludrocortisone (a synthetic mineralocorticoid) after a 7-day HDBR significantly limited orthostatic intolerance (only one out of 7 subjects remained intolerant), and prevented changes in the baroreflex sensitivity [32] . However, while use of thigh cuffs during a 7-day HDBR significantly (but not completely) limited the decrease in plasma volume and the baroreflex sensitivity, it was unable to prevent orthostatic intolerance [33] .
In summary, our results suggest that dry immersion induces remarkable changes at renal, endocrine, circulatory and metabolic levels, with pronounced orthostatic intolerance related mainly to hypovolemia. These changes are characterized by both a very rapid onset and very rapid restoration within return to normal activities.
Perspectives
DI is very original and efficient tool for physiological and physiopathological studies, especially in renal and body-fluid domain. In healthcare context, pronounced diuretic, sedative and muscle tone-decreasing effects of DI make it therapeutically promising. DI had already been tested in nephrology and cardiology for treatment of hypertension and edemas, in pediatrics for rehabilitation of preterm infants, and in neurology for muscle spasm relief. It may appear an efficient, easy and low-cost method of non-drug treatment. But to consider larger clinical implementation of DI, it is essential to dispose comprehensive detailed information concerning its effects. Our study on healthy volunteers aimed to contribute to this general knowledge. This work should be continued to further elucidate the mechanisms and potential applications of DI.
